Abstract. This paper introduces a fuzzy logic (FL) based decision support system (DSS) for a three-phase bidirectional AC-DC grid converter, working in a modern grid-like smart grid or smart industry. It is assumed that the appliances connected to that grid interact as in the Internet of Things (IoT) or like in the Internet of Everything (IoE) i.e. with a human being located in the chain of data flow. A power electronics AC-DC converter, operating as a shunt active power filter (SAPF) is selected for the case study. A harmonics reduction algorithm is presented as an implementation sample of the DSS. The operation of the SAPF is described and analysed. Experimental results showing the tuning process and operation of the laboratory model are also presented and discussed. Finally, it is shown that the DSS is an elegant and intuitive interface, which can simplify a human's or machine's decision-making process. Thanks to the DSS, the meaning of transferred data is translated into linguistic variables that can be understood by non-experts. Hence, it is expected that the amount of transferred data in the smart grid and in the IoE would be reduced. But in the same time, the high quality of the controlled process is retained, as shown by the example of a conventional SAPF.
Introduction
Nowadays, considering the increasing number of power electronics devices and different kinds of loads connected to the common grid, the power quality (PQ) issue becomes very important. Higher order harmonics, generated by nonlinear loads connected to the grid, cause serious disturbances of the PQ and have a negative impact on energy consumers. Expected PQ criteria are described in power quality standards and system operators' grid codes. Conventionally, in order to fulfil the PQ requirements established by grid codes including reduction of high order harmonics, passive filters are used. These filters have several disadvantages [1] :
• one filter is needed for each harmonic,
• risk of occurring of the resonance phenomenon, • reactive power consumption,
• aging of the additional elements, • size, weight and cost of passive components, • no interaction with software. The shunt active power filter (SAPF) is another solution that allows for reduction of higher order harmonics that do not have the limitations of passive filters. With a proper control algorithm, the SAPF can be used to compensate the reactive power and to reduce higher order harmonics of the current. Moreover, the device is able to operate in the uncertain environment with respect to the system dynamics. Studies show that the presented robust direct-power control with space vector modulation (RDPC-SVM) can fulfil the requirements of sinusoidal and balanced currents Unauthenticated Download Date | 6/18/19 11:17 AM M. Jasiński, P. Majtczak, and A. Malinowski The innovative value of the presented work lies in the application of FL as an interface between high-bandwidth power electronics converter's control method, and a human and/or a machine. The meaning of data sent from/to the device could be easily understood by a human operator. It should be easy to comprehend also thanks to the reduction of the amount of exchanged data. The decision support system (DSS)-based FL laboratory investigation on simple-current higher harmonics attenuation shows very good results and proves the DSS's potential for further research in the Internet of Things (IoT) application.
It should be noted that the presented results are preliminary with respect to the FL human and IoT interface friendly concept. The research on the subject is being continued and will be integrated with a multi-objective optimization [17, 18] process of the GC, where not only hardware, but also software assumptions have an impact on overall efficiency, reliability, and functionality of the GC. This paper is focused on GC operated as SAPF, and it is organized as follows: an introduction with problem description and basics knowledge about SAPF and its control requirements, a brief overview of literature regarding power quality, FL, the IoT and its multidisciplinary character, the main issues and the thesis of the paper, and the paper contest. Then, a brief description of IoT and Internet of everything (IoE) is provided. In the next chapter, SAPF and selected control issues are addressed, and a new concept of control is proposed. The subsequent chapter is devoted to the proposed DSS algorithm implementation based on RDPC-SVM with higher harmonics compensator (HC). Finally, the experimental results, conclusions, and references are provided.
Description of the Internet of Things (IoT)
The IoT is multidisciplinary by its nature, as it is shown in Fig.1 . Because of a great number of different devices that exchange information, there is a great need for standardization and for the development of a universal platform that would translate specific problems into language easy enough to be understood by everyone and everything, without the need for complex computations. For example, the generalized specification of excellent power quality or pure power quality is preferred to the information that total harmonics distortion of the voltage and current is below 1% or above 10%, etc.
The initial research presented here proves the concept of simplicity of the proposed DSS. This solution can be implemented especially in the smart industry area, where a lot of SAPFs already operate. Because DSS is a software solution and does not change the main control structure, it can also be added to older devices, as long as there is sufficient additional computational capacity. The computational capacity of power electronics-SAPF was significantly increased in the last three decades. Fig. 2 . presents a brief concept of DSS application in smart industry for SAPF. Considering the facts mentioned above, it can be concluded that there is market demand for the development of a universal and easy-to-understand interface among people, machines, things, and processes in the areas of applications such as industry, grids, cities, homes etc. (Fig. 3) . Therefore, the IoE [19] challenge can be simplified thanks to the proposed DSS, and the amount of transferred data can be reduced and converted to linguistic variables, well understood by most potential users. 
Shunt active power filter and control issues
The principle of SAPF operation is based on the generation of the appropriate current required to compensate for the distortion caused by the non-linear load. Fundamental equation describing it is given by (1).
I line = I SAPF + I load , (1) where: I SAPF -current supplied by SAPF, I line -grid current in point of common coupling (PCC). Fig. 4 . shows the block diagram of the analysed system with SAPF and nonlinear load. Also, power flow in the analysed system with SAPF operating under sinusoidal grid voltage condition is shown. The active power P generated by the source is delivered to the non-linear load. Power P is composed of the fundamental component of voltage and current. Additionally, small amounts of power S DC-link are transferred to the DC-link of the SAPF to maintain its voltage around the reference voltage. S comp power is delivered by the SAPF to the load in a way that compensates the whole reactive power.
if (x is Ai) and (y is Bi), then (z is Ci), (2) where x, y, z are process state variables (crisp-values) associated with A i , B i , and C i fuzzy sets (linguistic values) [16, 23, 24] . The output fuzzy set C i has a membership function m Ci (z) = min(m Ci (z)τ i ). The obtained membership functions are combined into one fuzzy output distribution. This is usually done by m out (z) = max (m Ci (z)) (fuzzy "or" operation). The output of the inference procedure m out (z) is often desired to be a crisp value. This operation is called defuzzification. It may be accomplished by several methods, such as mean-of-maximum (MOM), centre-of-sums (COS), centre-of-mass (COM), or others [25] [26] [27] . The choice of defuzzification procedure is derived from a compromise between accuracy and computational effort. The output crisp value is calculated as the centre of the area below the combined membership function m out (z). The defuzzification with the use of COM method is presented in this paper. Table 2 Harmful effects of harmonics and practical limits [21] Equipment Effects Limits
S load P S DC-link

SAPF
Power capacitors
Overheating, premature ageing (breakdown), resonance. Power quality standards and grid codes establish rules and regulations for acceptable harmonic distortion in power systems. Table 1 presents the relevant requirements of the grid regulation [20] . Table 2 shows related harmful effects caused by low power quality.
In 1922, Jan Łukasiewicz, Polish logician and philosopher, presented truth-tables with finitely and infinitely many truth-solutions, according to the principles where the truthvalues are numbers over the interval [0, 1] . 43 years later, in 1965, Lotfi Zadeh presented the original paper formally defining fuzzy logic theory [22] . Fuzzy logic is the precise logic of imprecision and approximate reasoning. A fuzzy model consists of multiple if-then rules (2) that describe the interaction between linguistic variables instead of numerical ones. 
Proposed algorithm implementation
4.1. Control algorithm. In our example, the output power and DC-link voltage of the SAPF are controlled by the RDPC-SVM algorithm [2, 28, 29] . The block diagram of the applied control strategy divided into power estimation, power and DC-link voltage control, and higher harmonics compensation (HC) block is presented in Fig. 5 . Additional functions, such as dips compensation, power feed-forward, and impedance estimation are not used for the purpose of this paper. However, it should be stressed that FL could be also applied to tune and change assumption under voltage dips or "weak grid" condition. The HC block is implemented using an integral controller [30] . In the analysed case, the DC voltage reference value (U DC_REF ) is set to 620 V. The reference reactive power, injected by the SAPF during the operation, is calculated and set adjustable to achieve zero phase shift between grid voltage and current. U DC_REF is compared with measured DC-link voltage, and the error is given to DC-link voltage U DC PI controller input. The output of this controller, multiplied by the measured DC voltage provides the reference value of the active power. Reference values of active and reactive powers are compared with values estimated using Akagi's "instantaneous reactive power theory" [31] (3), and are based on the measured grid voltage and current in SAPF.
the applied control strategy divided into power estimation, power and DC-link voltage control and higher harmonics compensation (HC) block is presented in Fig. 5 . Additional functions such as dips compensation, power feed-forward and impedance estimation are not used for the purpose of this paper. However, it should be stressed that FL could be also applied to tune and change assumption under voltage dips or "weak grid" condition. The HC block is implemented using integral controller [30] . In the analysed case the DC voltage reference value (U DC_REF ) is set to 620 V. The reference reactive power injected by the SAPF during the operation is calculated and set adjustable to achieve zero phase shift between grid voltage and current. 
The error is fed to the inputs of the PI power controllers. Outputs of the power PI controllers are reference values for space vector modulator (SVM) [32] [33] [34] [35] .
Additionally, the same SAPF can operate as an interface between the grid and disturbed source [2] or active load. It should be stressed that functionality of GC strongly depends on control algorithm assumptions and current measurements placement. The hardware of AC-DC converter can be the same but the values of the passive element (inductances of chokes and capacitances) should be calculated for specified application [2, 17, 28].
Harmonics compensation method.
The SAPF needs an additional compensation algorithm in order to reduce current harmonics. Fig. 6 presents a block diagram of such algorithm based on transformations into synchronous reference frames (SRFs) [33, 36] . Currents measured in PCC are transformed into stationary reference frame (αβ stationary) and then to synchronously rotating frame (marked as dq), which synchronously rotates with selected higher harmonics frequency nφ. Each compensated harmonic has a dedicated rotating frame. In the case of this work the 
The error is fed to the inputs of the PI power controllers. Outputs of the power PI controllers are reference values for the space vector modulator (SVM) [32] [33] [34] [35] .
Additionally, the same SAPF can operate as an interface between the grid and a disturbed source [2] or an active load. It should be stressed that functionality of GC strongly depends on control algorithm assumptions and current measurements placement. The hardware of the AC-DC converter can be the same, but the values of the passive element (inductances of chokes and capacitances) should be calculated for a specified application [2, 17, 28] .
The SAPF requires an additional compensation algorithm in order to reduce current harmonics. Fig. 6 presents a block diagram of such an algorithm based on transformations into synchronous reference frames (SRFs) [33, 36] . Currents measured in PCC are transformed into stationary reference frame (αβ stationary), and then to a synchronously rotating frame (marked as dq), which synchronously rotates with a selected higher harmonic frequency nφ.
Each compensated harmonic has a dedicated rotating frame. In the case of this work, the 5 th , 7 th , 11 th and 13 th harmonics are compensated. Selected signal is filtered by a band-pass filter, which provides information about the amplitude of the harmonic current. The output of the filter is transformed back to the stationary reference frame and summed with other filtered signals. The final signal is added to the main reference voltages for the SVM. Fig. 7 .a shows designed membership function for the first input. Electrical data is converted into labels "Positive Large (PL)," "Positive Medium (PM)," "Positive Small (PS)," "Zero (Z)," "Negative Small (NS)," "Negative Medium (NM)," "Negative Large (NL)". Second input determines the change of current amplitude (Fig. 7.b) with labels "Negative Change (NC)," "Zero (Z)," "Positive Change (PC)." Rules can be designed in MATLAB Fuzzy Logic Toolbox and then imported as source code file to a selected control system. The T-norm used in antecedent part of rule is minimum of the (4) equation:
µ A∩B = min(µ Ai (x), µ Bi (y)).
(4)
Membership functions are triangular and trapezoid-shaped. The input signal for the FL module is calculated using discrete Fourier transform [37, 38] .
The output membership functions are "Decrease Small (DS)," "Proper (P)," "Increase Small (IS)," "Increase Big (IB)" (Fig. 7.c) . Figure 8 shows the decision surface for mapping amplitude of harmonic current. The 21 rules proposed in decision support are shown in Table 3 . 
Sample application.
The rule base was verified using MATLAB Fuzzy Logic Toolbox. Figure 9 shows rules with the highest strength in each inference cycle, in order from the oldest on the top to the newest on the bottom. Numbers on the left are rule numbers defined in the rule base. Columns from left to right show input 1(x), 2(x) and output. In the case shown in Fig. 9 , the 5 th harmonic current is larger than the required value (NS) and there is no change in its amplitude (Z). The DSS output is (IS). The user changes the gain of the regulator. Current amplitude changed from (NS) to (Z), but the level of compensation is the same (Z), and the output is, again, (IS). In the next step, after the user's interaction input 1(x) is still in membership function (Z), but there is (NC) in the input 2(y), then output is (P). A similar situation follows in the next step: input 1(x) after fuzzification is (PS), input 2(y) is (Z), and because of the weak gain of the regulator -the answer is (IS). After increasing the gain, the amplitude further decreases. In the next inference cycle, the rule "(PS) and (NC) is (P)" is strongest. During the next data evaluation, current amplitude is (PM), and still falling (NC). The output is set to (P). Finally, the amplitude is set as (PL), and the change stops (Z). DSS output is (P). The harmonic controller is properly tuned. An interesting case is the evaluation of the rule no. 12. The second input is partially in the sets (Z) and (NC). After that, the inference output (P) is chosen instead of (IS).
Experimental results
The presented experimental results show a plant configuration aided by DSS, and operation of the SAPF. Parameters of the laboratory setup are presented in Table 4 . The SAPF is connected as shown in Fig. 4 . 5.1 Implementation of the fuzzy logic procedure. In this case, the DSS is supposed to aid the user with tuning the selective harmonic compensator. The DSS is implemented independently from the selected PQ control algorithm, and requires only the defined input variables. In Fig. 10 , the inner circles operate with higher sampling times than the outer ones. Hence, the lowest sampling time can be used for DSS. Based on input variables and an inference machine, the output variables are obtained for either the operator or machine. The DSS is called in the interrupt service routine ISR1 with reduced frequency of 2.5 kHz. 
The presented experimental results show a plant configuration aided by DSS, and operation of the SAPF. Parameters of the laboratory setup are presented in Table 4 . The SAPF is connected as shown in Fig. 4 . The initial state of the system is presented in Fig. 12 .I, where the disturbance caused by the symmetric nonlinear load is not compensated. The DSS is fed with data from the implemented FFT which is calculated using grid current (at PCC) I_PCC. The amplitude of the fundamental harmonic equals to 4.5 A, and the fifth harmonic current equals to 0.8 
Fuzzy logic in decision support system as a simple Human/Internet of Things interface for shunt active power filter
The initial state of the system is presented in Fig. 12 .I, where the disturbance caused by the symmetric nonlinear load is not compensated. The DSS is fed with data from the implemented FFT which is calculated using grid current (at PCC) I_PCC. The amplitude of the fundamental harmonic equals to 4.5 A, and the fifth harmonic current equals to 0.8 A. The measured grid current THD factor is 19.5%. The Fuzzified input for the fuzzy model is (NL) (input 1(x)) and (Z) (input 2(y)). The output is (IB) (as in Tab. 3). According to this, the user should set selective harmonic compensation gain to a high value. This value is calculated in the same manner as for current regulator and provided via the user interface. For the sake of simplicity, the given value is provided only for one chosen higher harmonic.
Through DSS, the operator can enter a new HC regulators' gain value. Fig. 12 .II shows the state when SAPF reduces the nonlinear-load higher (5 th ) harmonic current. This is caused by new HC regulator gains. The old value was k HC5 =0, and the new one is k HC5 = 250. In this state, the fuzzified value for input x is (NL) because the amplitude of the current is still high, but input y is (NC), which means that the amplitude is decreasing. The DSS induces (IS). The calculated current THD in PCC is 13,8%. Once again does the operator provide the new value for compensator's gain. Fig. 12 .III presents the state where 5 th current harmonic is reduced to a very low value (1% of fundamental harmonic). The operator is informed by the DSS that the active filter is properly configured. Current THD in PCC is 7,5%. Furthermore, the operator can use another rule bases to obtain a lower current THD factor for the 7 th , 11 th and 13 th harmonics. The procedure must be repeated for each harmonic controller. Sample results are shown in Fig.12 . IV. The THD factor of the obtained current is reduced to 2,94%. When the output of the DSS reaches the value (P), the goal is achieved. The information is then sent to the human or to the machine. Fig. 13 .I shows the state without an operating SAPF. Fig. 13 .II presents the ability to significantly reduce the grid current higher harmonics by the proposed harmonics compensation method. It can be noted that reactive power is also compensated. The obtained grid current waveforms are balanced and close to sinusoidal shape. Finally, the THD factor of the grid current is significantly reduced. Fig. 14 shows the transient state after turning on SAPF's HC module. It shows that SAPF tuned with the help of the DSS has good dynamics.
Summary and conclusions
A concept of the SAPF assisted by the fuzzy logic (FL) decision support system (DSS) has been introduced. The control method of the SAPF utilizes robust direct power control with space vector modulation (RDPC-SVM) and higher harmonic compensation (HC). A HC based on the integral controller is described, analysed, and verified by means of experimental investigation. The obtained current waveforms exhibit the desired features, and indicate very good operation of the proposed method (THDi was reduced from 30.5% to 6.5%).
Thanks to FL, the proposed DSS algorithm assures: • Help in determination of the controller's gain for harmonics compensation, without the need for expert knowledge from the operator or the machine. This knowledge is required only once, at the step of defining the fuzzy sets, which should be performed by an expert. • Easy configuration of rules in the manner of linguistic description. This means that even if a required standard/grid code is changed, the rules can be easily updated. Such ability should be taken into account when planning future intelligent networks (smart grids or smart industry where smart devices should be implemented, e.g. smart transformer etc.).
• Help the human operator understand the physical meaning and effect of PI controller parameter changes in the SAPF. For example, as presented in this paper, the FL sets can translate complicated electrical relations between voltages and currents (phases, amplitudes, frequencies) to plain language.
• DSS based on FL can operate with significantly lower frequency (2.5 kHz). It acts as a layer between the SAPF control algorithm and the operator, providing an easy-to-understand interface.
• The attenuation of current higher harmonics can be achieved very easily by a non-expert operator through a DSS. A case study in support of that has been presented.
• The DSS can be useful in the interaction between two machines, in case of the Internet of Things (IoT) or Internet of Everything (IoE) schemes, but this feature requires further investigation and will continue to be developed. It should be stressed that the presented results in the context of the DSS in IoT development are only preliminary. It is expected that the amount of data received by a human operator or a machine will be significantly reduced, thanks to conversion in the FL inference machine.
